Attorney's Docket No.: 10559-863001 / P17311 



APPLICATION 
FOR 



UNITED STATES LETTERS PATENT 



TITLE: ACCOMMODATING DIFFRACTION IN THE PRINTING 

OF FEATURES ON A SUBSTRATE 

APPLICANT: REX K. FROST, SWAM I NATHAN (SAM) SIVAKUMAR 



CERTIFICATE OF MAILING BY EXPRESS MAIL 
Express Mail Label No. EV3992920S8US 

October 31. 2003 

Date of Deposit 



Intel Corporation 
Attorney Docket No. 10559-863001 / P17311 

ACCOMMODATING DIFFRACTION IN THE PRINTING OF 
FEATURES ON A SUBSTRATE 

BACKGROUND 

[0001] Various techniques may be used to print features such 
as patterns that define integrated circuits on semiconductor 
wafers. In general, electromagnetic wave emissions from a 
source are directed to expose selected locations on a substrate 
while leaving other locations unexposed. Example emissions 
include visible light, ultraviolet (UV) and extreme ultraviolet 
(EUV) radiation, and X-rays. Example approaches to directing 
these emissions toward selected locations include selective 
attenuation (e.g., using binary photomasks), interference (e.g., 
using phase shifting masks), reflection (e.g., using EUV 
reflective optical elements) , and beam steering. 
[0002] Regardless of the approach used to direct such 
emissions, diffraction orders that scale with the wavelength of 
the emission may blur the boundary between directly exposed 
locations to which the emission is directed and other locations 
to which the emission is not directed. Such blurring makes the 
printing of features with dimensions in the vicinity of the 
wavelength more difficult. For example, when features are 
proximal, the features may not resolve due to diffractive 
exposure of the intervening space . 
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[0003] When adjacent contacts in a contact pair are not 
resolved, they tend to behave as a single contact. For example, 
forming a contact with a first contact of an unresolved pair 
generally results in inadvertent shorting with the second 
contact. 

DESCRIPTION OF DRAWINGS 
[0004] FIG. 1 is a top diagrammatic view of a photomask. 

[0005] FIG. 2 is a top diagrammatic view of a pattern printed 

with the photomask of FIG. 1. 

[0006] FIG. 3 is a flowchart of a process for printing 
features on a substrate. 

[0007] FIG. 4 is a top diagrammatic view of a photomask. 
[0008] FIG. 5 is a top diagrammatic view of a pattern printed 
with the photomask of FIG. 4. 

[0009] FIGS. 6A, 6B, and 6C are critical dimension scanning 
electron microscopy (CD-SEM) images illustrating mask feature 
modifications that enable the resolution of features near the 
diffraction limit. 

[0010] FIG. 7 is a top diagrammatic view of a photomask. 
[0011] FIG. 8 is a top diagrammatic view of a pattern printed 
with the photomask of FIG. 7. 

[0012] Like reference symbols in the various drawings 
indicate like elements. 



2 



Intel Corporation 
Attorney Docket No. 10559-863001 / P17311 

DETAILED DESCRIPTION 
[0013] Lithographic techniques may be used to define features 

in integrated circuits. As the size of the features decreases 

to a size approximating the wavelength of the radiation used to 

define the features, distortions due to diffraction may become a 

factor. 

[0014] FIGS. 1-3 illustrate consequences of diffraction upon 
features with dimensions in the vicinity of the wavelength of 
the printing electromagnetic radiation. FIG. 1 shows a 
photomask 100 that includes a pair of apertures 105, 110. 
Photomask 100 is a dark field binary photomask. Apertures 105, 
110 are light transmitting regions of photomask 100 that may act 
as patterning elements for photoresists. Apertures 105, 110 are 
defined by edges 13 5, 14 0 and are separated by a smallest 
separation 160. 

[0015] FIG. 2 shows a pattern 200 formed in a positive resist 
205 using mask 100 (FIG. 1) . Pattern 200 includes a first 
printed feature 210 and a second printed feature 215 defined in 
resist 2 05. Printed features 210, 215 are generally rounded, 
whereas apertures 105, 110 of mask 100 (FIG. 1) include 
generally sharp corners. As discussed, the printing of features 
with dimensions in the vicinity of the emission wavelength is 
complicated by diffraction. In mask 100, the corners of 
apertures 105, 110 are such features. As a consequence of 
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diffraction, the corners become blurred into rounded edges 
during printing. 

[0016] Feature 210 is bounded by a sidewall 240 and feature 215 
is bounded by sidewall 245. Sidewalls 240, 245 are poorly 
defined relative to edges 135, 140 of mask 100 (FIG. 1) due to 
diffraction during printing. This poor definition is 
illustrated by the triple line of sidewalls 240, 245 in FIG. 2, 
showing that the boundaries between exposed and unexposed 
locations in resist 2 05 are not abrupt but rather broader than 
the edges 135, 140 of mask 100. 

[0017] Feature 210 includes a first portion 212 and a second 
portion 214. Feature 215 includes a first portion 217 and a 
second portion 219. First portions 212, 217 are printed by 
direct exposure of light passing through apertures 105, 110 of 
mask 100. Second portions 214, 219 are printed by wave 
diffraction of light passing through apertures 105, 110 of mask 
100. As a consequence of diffracted light printing second 
portions 214, 217, sidewalls 240, 245 intersect at intersections 
230, 235 to join features 210, 215 at a neck 250. Features 210, 
215 are therefore not resolved in pattern 200. 

[0018] FIG. 3 shows a process 300 which accommodates for 
diffraction, and the associated distortion of printed features, 
according to one implementation. Process 300 may be performed 
by one or more actors (such as a device manufacturer, a mask 
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manufacturer, or a foundry), acting alone or in concert. 
Process 3 00 may also be performed in whole or in part by a data 
processing device executing a set of machine -readable 
instructions. For example, masks may be designed to accommodate 
diffraction using optical proximity correction (OPC) software. 
[0019] The actor performing process 300 identifies features 
with a small feature pitch in a desired pattern at 305. The 
pitch of features is the smallest spatial periodicity of the 
features. Features with a small pitch may be identified by 
comparing the desired pitch of the features with the wavelength 
of the emission used to print the features and characteristics 
of the equipment and techniques used to print the features. 
Such features may be identified from a machine -readable 
description of a desired feature layout or the features may be 
identified by empirical studies (such as scanning electron 
microscopy (SEM) imaging) of printed features. 

[0020] Once such features are identified, a mask designed to 
accommodate diffraction may be laid out at 310. Diffraction may 
be accommodated by distorting the designed apertures in the 
vicinity of the smallest feature pitch. In an implementation, 
apertures may be expanded in dimensions perpendicular to the 
pitch so that the total area of the . aperture is generally 
maintained while the separation distance between proximal 
features is increased. In another implementation, mask 
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apertures may be bowed in the vicinity of the smallest feature 
pitch to increase the separation distance between features upon 
printing. 

[0021] In another implementation, diffraction may also be 
accommodated to print symmetrical features. In particular, a 
mask or other approach for directing emissions may be designed 
to expose locations that are larger in the dimension 
perpendicular to the pitch of the features than in the dimension 
parallel to the pitch of the features. As a result of 
diffractive exposure of the smallest separation between proximal 
features, symmetrical features may be obtained. The details of 
such approaches is described further below. The diffraction- 
accommodating mask is then fabricated at 315 and used to print 
features for a device at 320. 

[0022] FIG. 4 shows a top view of a photomask 400 that is 
designed to accommodate diffraction. Photomask 400 may be a 
binary photomask or photomask 400 may be a phase shift mask 

(PSM) . For example, photomask 400 may be a dark field binary 
photomask or a rim or attenuated PSM. 

[0023] Photomask 400 includes a pair of apertures 405, 410. 
Apertures 405, 410 are light transmitting regions of photomask 
400. Aperture 405 has a first dimension 415 and a second 
dimension 420. Aperture 410 has a first dimension 425 and a 
second dimension 430. Dimensions 415, 420, 425, 430 may be 
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selected to maintain an effective flux through apertures 405 , 
410 for printing. 

[0024] Aperture 4 05 is bounded by an edge 435 and aperture 
410 is bounded by an edge 44 0. Apertures 4 05, 410 have a pitch 
445. Pitch is the smallest spatial periodicity of the features. 
For example, in mask 400, pitch 445 is the sum of the width of 
aperture 405 and a smallest separation 460 between apertures 
405, 410 in the direction parallel to a line joining centers 
450, 455. 

[0025] First dimensions 415, 425 may be defined parallel with 
pitch 445, as illustrated. Apertures 405, 410 are closest to 
one another at a smallest separation 460. 

[0026] FIG. 5 shows a pattern 500 formed in a positive resist 
505 using mask 400 (FIG. 4) . Pattern 500 may be used to form a 
portion of an integrated circuit on a semiconductor wafer such 
as a contact pair in a SRAM. For example, an underlying 
semiconducting or interlayer dielectric material may be 
selectively etched using pattern 500. 

[0027] Pattern 500 includes a first feature 510 and a second 
feature 515 defined in resist 505. Feature 510 has a first 
dimension 520 and a second dimension 525. Feature 515 has a 
first dimension 530 and a second dimension 535. Features 510, 
515 have a pitch 550 and are separated by a smallest separation 
560 that isolates feature 510 from feature 515. 
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[0028] Feature 510 is bounded by a sidewall 540 and feature 
515 is bounded by sidewall 545. Sidewalls 540, 545 are poorly 
defined relative to edges 535, 540 of mask 500 (FIG. 5) due to 
diffraction during printing. This poor definition is 
illustrated by the triple line of sidewalls 540, 545 in FIG. 5, 
showing that the boundaries between exposed and unexposed 
locations in resist 505 are not abrupt but rather relatively 
broad . 

[0029] Feature 510 includes a first portion 512 and a second 
portion 514. Feature 515 includes a first portion 517 and a 
second portion 519. First portions 512, 517 are printed by 
direct exposure by electromagnetic radiation passing through 
apertures 505, 510 of mask 500. Second portions 514, 519 are 
printed by wave diffraction of the electromagnetic radiation 
passing through apertures 505, 510 of mask 500. 
[0030] As a consequence of diffractive exposure of second 
portions 514, 519, features 510, 515 are distorted relative to 
apertures 505, 510 of mask 400 (FIG. 4) . In particular, the 
ratio of first dimension 520 to second dimension 525 in pattern 
500 is larger than the ratio of first dimension 415 to second 
dimension 420 in mask 400. Also, the ratio of first dimension 
530 to second dimension 535 in pattern 500 is larger than the 
ratio of first dimension 420 to second dimension 425 in mask 
400. Features 510, 515 have thus been expanded in the dimension 
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parallel to pitch 545 to make separation 560 relatively smaller 
than separation 460. 

[0031] Such distortion has been accommodated by mask 4 00 
which includes selectively reduced feature sizes parallel to 
pitch 445. In particular, the selective reduction of first 
dimensions 415, 425 relative to second dimensions 420, 430 in 
mask 400 (FIG. 4) prevents features 510, 515 from intersecting 
and allows a relatively small footprint of features 510, 515 in 
pattern 500 since the distortion due to diffraction is 
anticipated. 

[0032] Moreover, dimensions 415, 425, 420, 430 in mask 400 
may be selected to achieve particular feature geometries when 
printing. As shown in FIG. 4, dimensions 415, 425, 420, 430 may 
be selected so that first dimension 520 is substantially equal 
to second dimension 525 and so that first dimension 53 0 is 
substantially equal to second dimension 535. Dimensions 415, . 
425, 420, 430 may also be selected so print generally tubular 
features 510, 515 with an axis of symmetry generally 
perpendicular to the plane of the substrate. 

[0033] FIG. 6A-6C illustrate mask feature modifications that 
enable the resolution of features near the diffraction limit. 

[0034] FIG. 6A is a CD-SEM image at 200K magnification of a 
contact pair printed in photoresist. The contact pair is the 
primary feature used in current SRAM designs. The target pitch 
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in this case is 240 nm. The lithography process fails to 
resolve the mask features and the contacts overlap. Electrical 
isolation is therefore not achieved and the device is not 
functional. The nominal IX mask feature dimensions are 180 nm X 
CD (critical dimension)/ 180 nm Y CD (both contacts)/ 240 nm 
pitch. 

[0035] FIG. 6B is another contact pair printed in 
photoresist. The lithography process is identical to that used 
in FIG. 6A except the IX mask pitch of the contact pair is 
increased to 260nm. The 240 nm target pitch is successfully 
printed in photoresist and the device is functional although the 
contact X-CD is 13 nm larger than the Y-CD. 
[0036] FIG. 6C is yet another contact pair printed in 
photoresist. In this case, the lithography process is identical 
to that used above except the IX mask features are adjusted to 
170 nm X CD/ 190 nm Y CD (both contacts) /260 nm pitch. The 240 
nm target pitch is achieved, no X-Y contact dimension bias is 
present, and the device is functional. Furthermore, removing X- 
Y bias improves the process defocus margin. 

[0037] Diffraction effects may also be compensated for by 
bowing patterning elements in the mask. FIG. 7 illustrates a 
mask with such bowed features. FIG. 7 shows a photomask 700 
that includes two sets of apertures 705, 710. Photomask 700 may 
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be a binary photomask or a phase shift mask. Aperture sets 705, 
710 include the light transmitting regions of photomask 700. 
[0038] First aperture set 705 includes apertures 405, 410 
that have pitch 445. As in mask 400 (FIG. 4), aperture 405 has 
a first dimension 415 and a second dimension 420, while aperture 
410 has a first dimension 425 and a second dimension 430. First 
dimensions 415, 425 are defined parallel with pitch 445 and 
independently of the orientation of apertures 405, 410 upon 
photomask 700. Apertures 4 05, 410 are separated by a smallest 
separation 460. 

[0039] Second aperture set 710 includes apertures 715, 720, 
725. Aperture 715 has a first dimension 730 and a second 
dimension 735, aperture 720 has a first dimension 740 and a 
second dimension 745, and aperture 725 has a first dimension 750 
and a second dimension 755. Aperture 715 is bounded by an edge 
760, aperture 720 is bounded by an edge 765, and aperture 720 is 
bounded by an edge 770. 

[0040] Apertures 715, 720 are closest to one another at a 
smallest separation 775 with a pitch 778, and apertures 720, 725 
are closest to one another at a smallest separation 780 with a 
pitch 782. In the vicinity of separations 775, 780, edge 765 is 
bowed away from apertures 715, 725 at 785, 790. This bowing of 
edge 765 locally decreases the ratio of first dimension 740 to 
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second dimension 745 and increases separations 775, 780 without 
requiring a larger footprint . 

[0041] Furthermore, apertures 715, 725 may be distorted so 
that the ratio of first dimension 73 5 to second dimension 73 0 
(and first dimension 755 to second dimension 750) is larger than 
the desired ratio of the corresponding dimensions of the printed 
features. 

[0042] FIG. 8 shows a pattern 800 formed in a positive resist 
802 using mask 700 (FIG. 7) . Pattern 800 may be a portion of an 
integrated circuit on a semiconductor wafer. Pattern 800 
includes two sets of features 805, 810. First feature set 805 
includes first feature 510 and second feature 515. Feature 510 
has first dimension 520 and second dimension 525. Feature 515 
has first dimension 53 0 and second dimension 535. Features 510, 
515 have a pitch 550 and are separated by a smallest separation 
560 that isolates feature 510 from feature 515. 

[0043] As a consequence of diffraction, features 510, 515 are 
distorted relative to apertures 405, 410 of mask 700 (FIG. 7) . 
In particular, the ratio of first dimension 520 to second 
dimension 525 in pattern 800 is larger than the ratio of first 
dimension 515 to second dimension 520 in mask 700. Also, the 
ratio of first dimension 530 to second dimension 535 in pattern 
800 is larger than the ratio of first dimension 42 0 to second 
dimension 425 in mask 700. Printing expands features 510, 515 
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in the dimension parallel to pitch 445 to make separation 560 
relatively smaller than separation 460. 

[0044] Second feature set 810 includes features 815, 820, 
825. Feature 815 has a first dimension 830 and a second 
dimension 835, feature 820 has a first dimension 840 and a 
second dimension 845, and feature 825 has a first dimension 850 
and a second dimension 855. 

[0045] Feature 815 is bounded by a sidewall 860, feature 820 
is bounded by a sidewall 865, and feature 82 0 is bounded by a 
sidewall 870. Sidewalls 860, 865, 870 are poorly defined 
relative to edges 760, 765, 770 of mask 700 (FIG. 7) due to 
diffraction during printing. This poor definition is 
illustrated by the triple line of sidewalls 860, 865, 870 in 
FIG. 8, showing that the boundaries between exposed and 
unexposed locations in resist 802 are not abrupt but rather 
relatively broad. Features 815, 82 0 are closest to one another 
at a smallest separation 875 with a pitch 878 and features 820, 
825 are closest to one another at a smallest separation 880 with 
a pitch 782. Separations 875, 880 isolate features 815, 820, 
825 from one another. 

[0046] As a consequence of diffraction, features 815, 820, 
825 are distorted relative to apertures 715, 720, 725 of mask 
700 (FIG. 7) . For example, in the vicinity of separations 875, 
880, sidewall 865 of pattern 800 (FIG. 8) does not bow as far 
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away from features 815, 825 as edge 765 bows away from apertures 
715, 725 in mask 700 (FIG. 7) . Instead, sidewall 865 has been 
expanded toward features 815, 825 to make separations 875, 880 
relatively smaller than separations 775, 780. 
[0047] This expansion of sidewall 865 in the vicinity of 
separation 875 locally increases the ratio of first dimension 
840 to second dimension 845 in the vicinity of separation 875 in 
pattern 800 (FIG. 8) above the ratio of first dimension 740 to 
second dimension 745 in the vicinity of separation 775 in mask 
700 (FIG 7) . Similarly, the expansion of sidewall 865 in the 
vicinity of separation 880 locally increases the ratio of first 
dimension 840 to second dimension 845 in the vicinity of 
separation 880 in pattern 800 (FIG. 8) above the ratio of first 
dimension 740 to second dimension 745 in the vicinity of 
separation 780 in mask 700 (FIG 7) . 

[0048] In effect, the bowing of edge 765 in mask 700 helps 
accommodate the distortion of feature 820 in the vicinity of 
pitches 878, 882. The selective reduction of first dimension 
740 relative to second dimension 745 in mask 700 (FIG. 7) helps 
prevent features 815, 820, 825 from intersecting and allows a 
relatively small footprint of features in pattern 800 since the 
distortion due to diffraction is anticipated. 

[0049] As another consequence of diffraction, features 815, 
825 are also distorted relative to apertures 715, 725 of mask 
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700 (FIG. 7) . Features 815, 825 are expanded in the vicinity of 
separations 875, 880. As a consequence of this expansion, the 
ratio of first dimension 83 0 to second dimension 835 in pattern 
800 (FIG. 8) is larger than the ratio of first dimension 730 to 
second dimension 735 in mask 700 (FIG. 7) . Also, the ratio of 
first dimension 850 to second dimension 855 in pattern 800 (FIG. 
8) is larger than the ratio of first dimension 730 to second 
dimension 735 in mask 700 (FIG. 7) . 

[0050] A number of embodiments of the invention have been 
described. Nevertheless, it will be understood that various 
modifications may be made without departing from the spirit and 
scope of the invention. For example, the description has 
generally assumed IX printing when comparing the dimensions of 
masks and patterns printed with the masks. Other magnifications 
may be used with the dimensional comparisons adjusted to 
accommodate the different magnifications. The systems and 
techniques described herein may be used with light field 
photomasks and with other categories of PSMs, such as 
alternating PSMs. The systems and techniques may be used with 
either positive or negative photoresist, and features may be 
defined using apertures or attenuators as the patterning 
elements. The systems and techniques can be used with other 
feature geometries, including oblong features such as lines and 
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spaces. Accordingly, other embodiments are within the scope of 
the following claims. 
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